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ABSTRACT
Apatites in a fluorine-free chemical system have been synthesized hydrothermally at 650 ∞C and
1.5 kbar along the hydroxylapatite–britholite-(Y) join [i.e., Ca10(PO4)6(OH)2 – Ca4Y6(SiO4)6(OH)2
join], from oxide mixtures at nominal Si-contents of 0, 0.5, 1, 2, 3, 4, 5.5, and 6 pfu. The hexagonal
apatite unit-cell volume decreases by 1.5% from the phosphate to the silicate end-member. A single
31
P MAS NMR resonance is recognized at 2.8 ppm in hydroxylapatite. An additional broad line
centered around 1.5 ppm is present for Y-rich compositions. Although the 31P MAS NMR spectra
could not be fully assigned, the 2.8 ppm resonance that persists even in Si-rich compositions must
include the contribution of P atoms involved in P-O-Y bonds. 1H NMR spectroscopy shows that the
H content decreases by around 50% from the phosphate to the silicate end-member although all the
compounds were synthesized hydrothermally at 650 ∞C. In addition to the expected YSiCa–1P–1 substitution, a second substitution vector, Y■
■ Ca–1H–1, is inferred. It is proposed that the resulting proton
vacancies influence neighbor H atoms to give rise to a 1H line at 4.9 ppm. Beside the 4.9 ppm
resonance, four other resonances at 0.2, 1.2, 1.5, and 2.0 ppm, are encountered along the series. In
the apatite columns, OH groups are bonded to three cations from the Ca2 site and form (Ca2)3OH
groups. In the proposed assignment model, the 0.2 ppm line, the only resonance present in the hydroxylapatite spectrum, is readily attributed to protons from (Ca)3OH groups. The 1.2 and 1.5 ppm
resonances are assigned to (Ca2Y)OH groups whereas the 2.0 ppm line represents the contribution of
protons from both (CaY2)OH and (Y)3OH groups.

INTRODUCTION
Apatite, Ca5(PO4)3(F,OH,Cl), is the most widespread phosphate mineral in crustal rocks (McConnell 1973). In addition
to be stable over a wide range of pressure and temperature conditions (Murayama et al. 1986; Brunet et al. 1999), the apatite
structure is also remarkable for its wide chemical variability.
The compositions of apatite group compounds can be expressed
as A5(XO4)3(F,Cl,OH) with A = Ba, Ca, Ce, K, Na, Pb, Sr, Y; X
= As, C, P, Si, S, V (Fleischer and Altschuler 1986). The chemical variability of the apatite structure becomes apparent when
the wide spectrum of synthetic apatite compositions is considered (e.g., Ito 1968; Engel and Klee 1972; Boyer et al. 1997).
Infrared spectroscopy has been successfully applied to identify specific structural features in apatite such as the occurrence of PO3OH groups in Ca-deficient apatites or the presence
of CO3 or SiO4 groups (Elliott 1964). For hydroxyl-bearing
apatites, many Raman or IR spectroscopy studies have been
carried out to decipher the halogen distribution in the apatite
channels (e.g., Freund and Knobel 1976). In many cases, the
interpretation of OH-vibration spectra is hampered by a poor
understanding of hydrogen bonding in apatite. NMR spectroscopy studies of apatites are scarce and deal with phosphate
apatites (Rothwell et al. 1980; Yesinowski and Eckert 1987;
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Belton et al. 1988). In the present study, we have combined
1
H and 31P MAS as well as 1H- 31P Cross Polarization NMR
spectroscopy (CPMAS) along with FT-IR spectroscopy to
investigate local atomic environments in apatite along the
hydroxylapatite–britholite-(Y) join [i.e., the Ca10(PO4)6(OH)2 –
Ca4Y6(SiO4)6(OH)2 join]. The Ca2+ + P5+ = REE3+ + Si4+ substitution (REESiCa–1P–1 with REE = Rare Earth Elements) occurs
in natural apatites but very little is known about its crystal chemistry. This type of substitution is of interest because (1) Sibearing apatites have been proposed as a possible repository
for trivalent actinides from nuclear wastes, and (2) a second,
naturally occurring, phosphate-to-silicate complete solid solution series has recently been discovered (Chopin and Sobolev
1995) that adopts the ellenbergerite structure.
Pure britholite-(Y) was chosen for this NMR study because,
contrary to most REE elements, yttrium is not paramagnetic.
Hydrothermal syntheses were adopted because they generally
lead to homogeneous and well-crystallized products. This
method was successfully applied by Ito (1968) to the synthesis
of a wide variety of apatite-britholite members. Hydrothermal
synthesis implies incorporation of OH-groups in the apatite product; therefore, to begin with, apatites in the CaO-P2O5-SiO2-Y2O3H2O fluorine-free system were investigated.
Britholites are silicate-dominant REE-bearing members of
the apatite group. Britholite is a major REE-bearing mineral
(Mariano 1989) and is either Ce-dominant, britholite-(Ce), or

